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Patterning substrates with evaporation residues 

(57) A method of patterning a substrate, in which droplets of a solution of a first material are deposited on a 
substrate. The composition of the solution is selected so that it dries to leave a circular residue of the first 
material, comprising a thin film in the centre and a ridge around the perimeter. The thin film is etched away, 
leaving a hydrophobic rim on the hydrophilic substrate. An aqueous solution of a second material is then 
deposited on both sides of the ridge. After the aqueous solution has^evapo rated, the ridge is removed, leaving 
a layer of the second material in two portions separated by a gap. The layer forms the source and drain 
electrodes of an organic thin film transistor with a small channel length. 
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Fig.9. 




S:source electrode 
D:drain electrode 
G:gate electrode 
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PATTERNING METHOD 

The present invention relates to a method of patterning a substrate. In particular, 
the method of the present invention relates to patterning substrates to provide electronic 
devices such as thin film transistors (TFTs) thereon. 

Photolithography is presently widely used for the mass production of electronic 
devices and achieves very high resolution and registration. In photolithography, a spin- 
coated photoresist layer is provided on a substrate and is exposed by blue or ultraviolet light 
with an aligner or stepper, which aligns patterns on a master, comprising a mask or reticule, 
with the substrate. The exposed photoresist is then developed to provide patterns of the 
photoresist on the substrate. This is generally followed by an etching or deposition process 
to pattern an objective material. The resolution achieved by photolithography is determined 
by the wavelength of the exposure light and the optics of the aligner or stepper. 

Presently, this photolithographic technique is used not only for small-sized integrated 
circuits but also for very large active-matrix displays. For example, thin film transistor 
(TFT) arrays for active-matrix liquid crystal display (LCD) panels require substrates larger 
than 50 cm 2 . Particularly high resolution and registration are required for producing arrays 
of TFTs in LCD panels, since the channel lengths of the TFTs should ideally be lower than 
20um. However, it has been found that such large substrates tend to exhibit bending, 
presenting difficulties in providing sufficiently accurate resolution and registration. 
Furthermore, the photolithographic process must be performed several times to make a 
complete device and this presents further difficulties in repeating registration with sufficient 
accuracy. However, manufacturers usually use a single aligner, having sufficiently high 
resolution and very precise registration mechanism, not only for the formation of channels 
but also for the other patterning steps. Such an alignment system is expensive. Moreover, 
processes using such an aligner are also expensive, thereby raising the manufacturing cost 
of LCD panels. 

In order to reduce the cost entailed by the use of photolithography, a variety of non- 
photolithographic patterning processes have been proposed. For example, micro-contact 




printing and micro-moulding techniques have been found to be capable of patterning feature 
sizes down to 1 [im. These techniques use elastic rubber stamps for printing so as to 
provide good contact between the stamp and a substrate. Due to its elasticity, however, the 
stamp becomes distorted, which makes it difficult to align the master stamp with the patterns 
on a substrate. Thus, these techniques have the significant disadvantage of difficulties in 
accurate registration, especially with large substrates, such as those used for LCD panels. 

Inkjet printing technology is now used widely for personal printing. It achieves a 
very high quality of print, approaching photographic grade. Inkjet printing has also proved 
to be a promising technique for manufacturing electronic devices such as colour filters for 
liquid crystal displays and full-colour electroluminescent displays. To achieve such 
electroluminescent displays, different conjugated polymers are deposited using an inkjet 
printing technique to provide three colours (blue, green, and red) in the display. 

Inkjet techniques had previously been regarded as being comparatively low- 
resolution patterning techniques and it had therefore previously been thought that inkjet 
printing was unsuitable for producing TFTs. This is because organic polymer TFTs 
require a channel length of less than 20 j^m to achieve a sufficiently high drain current. To 
produce such a TFT using an inkjet technique, source, drain and gate electrodes must be 
printed on a substrate. The source and drain electrodes must have a very small gap between 
them, since this gap defines the channel in the TFT. Since polymer semiconductors have 
low carrier mobility, this gap should be less than 20 jam, as noted above, in order to achieve 
practical characteristics. 

However, the resolution presently achieved simply by inkjet printing on a solid 
substrate is not sufficiently high to pattern the source and drain electrodes with a suitably 
small gap therebetween (channel length), due to fluctuations in the printing process. In 
particular, the direction of flight of ink droplets is not always completely perpendicular to 
the face of the nozzle plate of the inkjet print head from which they are ejected, resulting in 
patterning errors. Furthermore, an ejected droplet spreads on the surface of the substrate 
onto which it is ejected. The amount the droplet spreads is a function of the surface 
energies and the * interfacial energy of the solid substrate and of the liquid droplet 
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respectively. However, there are fluctuations in the surface energy and the interfacial 
energy of the solid surface. This results in variations in size of respective droplets 
deposited on the substrate. Accordingly, the width of the gap between two deposited 
droplets and hence the channel length of a printed TFT is variable and, in the worst case, 
short circuits are formed between the source and drain electrodes. 

Nonetheless, all-polymer TFTs have previously been fabricated by inkjet deposition. 
In such fabrication, the source, drain and gate electrodes are formed of a conducting polymer, 
PEDOT (poly-ethylenedioxythiophene, Baytron P from Bayer AG), and deposited using an 
inkjet technique. In order to obtain a satisfactory channel width, inkjet printing can be 
combined with the pre-patteming of wetting properties. This allows control of the flow of ink 
on the substrate by using a pattern of hydrophilic and hydrophobic substrate regions. As 
shown in Figure 8(b), a non-wetting or hydrophobic repelling strip 102 of polyimide (PI) can 
first be formed on a glass substrate 100 by photolithography, micro-contact printing, micro- 
moulding printing or photo-induced wettability patterning. This repelling strip 102 defines 
the channel 106 of the TFT, the width of the strip 102 being the length L of the channel 106, 
as shown in Figure 8(a). The remaining area of the substrate 100 is hydrophilic or wetting 
with respect to a solution of PEDOT. Source and drain electrodes can then be formed by 
depositing a water-based solution of PEDOT onto the glass substrate using an inkjet print 
head. The PEDOT solution exhibits relatively high contact angles of around 70° on the PI 
strip, and small contact angles of less than 20° on the glass region. Thus, when droplets 
104 of PEDOT solution are deposited along the strip 102, the droplets 104 spread over the 
substrate 100 but are repelled by the strip 102. The solution 104 on the substrate 100 is 
therefore confined from spreading over the repelling strip 102, but instead aligns along the 
side of the strip 102. Using this self-aligning mechanism, source 108 and drain 110 
electrodes with a channel length L shorter than 20 jim and as low as 5 yim can be achieved. 

In practice, photolithography has previously been used to form the PI strip. 
However, the use of lithography entails many steps including the application of a primer, 
coating of a photoresist, mask-alignment, exposure, baking, development, etching and 
stripping. The use of lithography therefore significantly increases process costs and 
outweighs the benefits of inkjet printing. Micro-contact printing and micro-moulding 
printing with an elastic stamp (mould), for example made of PDMS (polydimethylsiloxane) 
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could also be used for pre-patterning, but the distortion and deformation of the elastic stamp 
discussed above deteriorates accuracy in registration. As an alternative, the recently 
developed method of photo-induced wettability patterning appears promising since it can be 
expected to involve a smaller number of steps than lithography. However, this method has 
not yet been properly established. In particular, in the current state of the art of this 
method, the wavelength of the light is too short and the sensitivity of the method is too low 
for realistic application. 

Thus, there is no suitable technique for consistently providing sufficiently small 
channel lengths in a cost effective maimer. 

According to a first aspect of the present invention, there is provided a method of patterning 
a substrate, the method comprising: 

depositing a first material in solution on the substrate, wherein the solution of the 
first material is selected such that a profile of the first material dried on the substrate 
includes a ridge; 

etching for removing portions of the first material such that the ridge of the first 
material remains on the substrate; and 

depositing a second material in solution on or adjacent the ridge of the first material. 

Embodiments of the present invention will now be described by way of further 
example only and with reference to the accompanying drawings, in which: 

Figure 1 illustrates a method for patterning a substrate in accordance with the present 
invention; 

Figure 2 shows plan views of a substrate during patterning using the method 
illustrated in Figure 1 ; 

Figure 3 shows cross-sections of material deposited in solution on a substrate and 
subsequently dried; 

Figure 4 illustrates fluid flow within a droplet of a solution as the solvent evaporates; 
Figure 5 shows etching of a substrate in accordance with the present invention; 
Figure 6 also shows etching of a substrate in accordance the present invention; 
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Figure 7 illustrates deposition of a droplet of a solution on the substrate shown in 
Figure 6; 

Figure 8 shows a prior art pre-patterned contrast in wettability; 

Figure 9 shows a thin film transistor fabricated in accordance with the present 
invention; and 

Figure 10 shows a method of fabricating a plurality of thin film transistors in 
accordance with the present invention. 

The present invention provides a high-resolution patterning technique that does not 
require photolithography or similar processes. Briefly, in one aspect of the present 
invention pre-patterning is formed with a first material, which is deposited on a substrate in 
the form of droplets of a solution of the first material. The use of an inkjet print head has 
been found to be suitable for this purpose. Droplets deposited on the substrate spread, the 
degree of spreading being determined by the parameters discussed above. However, the 
solution comprising the first material is formulated such that the perimeter of a deposited 
droplet remains constant with respect to the substrate as solvent evaporates and the droplet 
dries to leave a residue of the first material. This will be termed hereafter pinned contact 
line deposition and will be explained in more detail below. The pinned contact line 
deposition results in ring-shaped deposition of the first material, in which most of the solute 
in the droplet gathers on the contact line and is deposited there. Thus, the dried residue of 
the first material comprises a ridge disposed around the edge and a thin film in the centre 
region. The ridge has a narrow width compared with the diameter of the droplet and this 
width can be controlled. 

This deposition step is followed by wet or dry etching in order to remove the thin 
film in the centre region and to leave a narrow ridge on the substrate. The width of the 
ridge can be further controlled by the etching process since the cross-sectional shape of the 
ridge is substantially triangular. A second material in solution is then deposited in the form 
of droplets along either side of the ridge. Again, the use of an inkjet print head has been 
found suitable for this purpose. The substrate or underlying structure is wetting with 
respect to the solution of the second material and the ridge of the first material is non- 
wetting with respect to the solution of the second material, that is, it repels the solution of 
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the second material. As a result, each droplet of the solution of the second material aligns 
itself along a respective side of the ridge and dries to form a layer of the second material 
along that respective side. 

Finally, the deposition process of the second material can be followed by a process 
of removing the ridge of the first material. To accomplish this, the substrate can be dipped 
in a solvent for dissolving the first material only. This leaves a layer of the second material 
on the substrate formed in two portions, having a narrow gap therebetween. The gap is 
defined by the width of the ridge of the first material. 

This process can be applied to form a channel for a TFT, which requires a narrow 
gap between a source and a drain. The channel length can be controlled by appropriately 
selecting the concentration of the first material in solution, the drying conditions of the first 
material in solution and the conditions of the etching process. A channel length of the order 
5 \im can be achieved using the above-mentioned patterning method. 

Various aspects of the present invention will now be explained in more detail. 
Figure 1 shows the process flow of a patterning method according to the present invention. 
A solution of a first organic or inorganic material is deposited on to a substrate 1 in the 
form of a droplet 10 as shown in Figure 1(a). The function of the first organic or inorganic 
material is to provide on the substrate 1 a pre-pattern which has a particular wetting 
characteristic with respect to a solution of a second target material deposited at a later stage. 
The first pre-patterning material should have different wetting properties from the substrate 
1 with respect to the solution of the second target material. 

When a pattern of the second material is required to be formed with a small gap 
therein, the first pre-patterning material should be more repelling with respect to the 
solution of the second material than the substrate. When a pattern of the second material is 
required to form a narrow line, the first pre-patterning material should be more wetting than 
substrate with respect to the solution of the second material. For ease of explanation, the 
subsequent description will be primarily directed to the case where a pattern of the second 



BNSDOCID: <GB 2373095A_I_> 



material is required to be formed with a small gap therein. However, this should not be 
treated as limiting the scope of the present invention. 

Thus, where the second material is PEDOT and the solution thereof is an aqueous 
solution, a hydrophobic material can be used as the first pre-patterning material. For 
example, polystyrene is typical hydrophobic material. However, all chemicals and 
polymers consisting of non-polar groups show hydrophobic properties and are suited for use 
as the first pre-patterning material when a solution of the second target material in a polar 
solvent is used. In order to achieve a large contrast in the wettability between the first 
material and the substrate with respect to the solution of the second material, the substrate 1 
should be hydrophilic, thereby providing a wetting surface with respect to the polar solvent. 
To provide this hydrophilic surface, the substrate 1 may, for example, be exposed to 0 2 
plasma prior to deposition of the first pre-patterning material. 

The deposited droplet 10 of the solution of the first pre-patterning material spreads 
over the substrate 1 and has a diameter determined by the surface tension (surface free 
energy density) of the droplet 10 and the substrate 1 respectively and the interfacial tension 
(interface free energy density) between the droplet 10 and the substrate 1, as shown in 
Figure 1(b). In the case that a non-polar material is chosen for the first material and for the 
solvent for the first material, the surface tension of the solution is in general small (about 
20-30 mJ/m 2 ). This results in a small contact angle between the upper surface of the 
droplet 10 and the surface of the substrate 1, and a large diameter of the droplet 10 on the 
substrate 1. This contact angle is smaller than 30°. 

After the solvent in the droplet 10 has evaporated, the cross-sectional profile of the 
residue 16 of the first material deposited on the substrate is unexpected. This profile is not 
a hemispheric profile as may be expected, but a ring-shaped profile, as shown in Figures 
1(c) and 2(a), in which most of the first material is deposited on the edge and a small 
amount of the first material is deposited in the centre region. In other words, a ridge 14 is 
formed around the perimeter and a thin layer 12 is formed in the centre region. As will be 
discussed in greater detail, a small contact angle is preferable to obtain a significant ridge 14 
disposed around the perimeter of the dried droplet 10. 




Where only one droplet 10 is deposited on the substrate 1, the ridge 14 is 
substantially circular. However, if multiple droplets 10 are deposited with relative 
displacement between the substrate 1 and a dispenser for the droplets 10, such as an inkjet 
print head 2, an elongated circle such as that shown Figure 2(a) may be obtained. 

Since the dried droplet 16 includes a thin film 12 in the centre region, the wettability 
of the dried droplet 16 with respect to the solution of the second material is constant over 
the whole area of dried droplet 16 of the first pre-patterning material. However, the dried 
droplet 16 of the first pre-patterning material is then etched using a dry or wet etching 
process, as shown in Figure 1(d), to remove the thin film 12 in the centre region. 

It should be noted that the chemical properties of the etchant 30 selected for use in 
this etching process can noticeably affect the wetting properties of both the substrate 1 and 
the dried droplet 16 of the first pre-patterning material. Thus, many variations in this 
etching process are possible. However, to take a simple example, dry etching may be 
performed with a plasma of inert gas such as helium, neon, argon, krypton, xenon or 
nitrogen. The wettability of the substrate 1 and of the dried droplet 16 respectively is 
unaffected by etching with the plasma of inert gas. Thus, if the substrate 1 initially has a 
wetting surface and the dried droplet 16 of the first pre-patterning material initially has a 
repelling surface with respect to the solution of the second material, these properties are 
retained after this etching process. 

The parameters of the etching process, including the etching time, power density and 
density of active molecules, are determined so as to obtain a complete removal of the thin 
film 12 in the centre region of the dried droplet 16 but to retain a partially etched portion of 
the ridge 14 on the substrate 1, as shown in Figures 1(e) and 2(b). Thus, the entire surface 
of the substrate 1 is exposed except for the remaining narrow ridge 14, which provides a 
repelling surface. Thus, a contrasting pattern in wettability, comprising the narrow non- 
wetting ridge 14 on the wetting surface of the substrate 1, is defined. 
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The width of the ridge 14 can be controlled by the deposition conditions for the 
solution for the first pre-patterning material, as will explained below. However, the 
parameters selected for etching, including choice of the etchant 30, also affect the width of 
the ridge 14. For example, the width of the ridge 14 becomes narrower as etching time 
increases. Thus, it is possible to consistently achieve lines narrower than 5 \xm by 
optimisation of the deposition conditions and the etching parameters. 

After this etching process, the second target material in solution is deposited along 
the ridge 14 in the form of one or more second droplets 20, as shown in Figure 1(f), for 
example using an inkjet print head 2. The second droplets 20 land on the substrate 1 and 
spread on the substrate 1 up to the edge of the ridge 14 of the first pre-patterning material. 
The solution of the second material is confined in the wetting region, on the exposed 
substrate 1, because the narrow ridge 14 repels the solution. Thus, the contrast in 
wettability between the substrate 1 and the ridge 14 enables alignment of the solution of the 
second material along the edge of the ridge 14. When droplets 20 of the solution of the 
second material are formed on both sides of the ridge 14, a narrow gap is formed between 
them, as shown in Figures 1(g) and 2(c). 

As shown in Figure 2(c), in this example the ridge 14 is formed as an elongated 
circle and only one portion of the ridge 14 is used for pre-patterning. This is suitable for 
forming the source and drain electrodes of a TFT having a short channel length. However, 
it will be apparent to those skilled in the art that ridges of differing shapes can be obtained 
and that other portions or the whole of the ridge 14 can be selected for pre-patterning, 
depending on the intended application of the present invention. 

Upon drying, the second droplets 20 form spaced apart layers 22 of the second target 
material. Spaced apart layers 22 of the second target material, each having a mesa-shaped 
cross-sectional profile after drying, as shown in Figure 1(h), can be obtained by appropriate 
selection of, for example, the concentration of the solution of the second material, as will be 
discussed in more detail below. As shown in the Figure, there is a narrow gap between the 
two layers 22, which cannot be consistently achieved using conventional inkjet techniques 
due to the variations discussed above. However, a consistent, narrow gap can be obtained 
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with the method of the present invention. Moreover, no lithographic techniques are 
required. The method of the present invention can therefore be used at low cost and is 
suitable for use with large substrates, for which lithographic patterning is particularly 
expensive. 

Further, the ridge 14 can be removed, for example by bathing the substrate 1 in a 
solvent for the first pre-patterning material. The second target material is not adversely 
affected by such a stripping process since it is insoluble in the solvent for the first material. 
Figures l(i) and 2(d) show a complete pattern of the second target material after removal of 
the ridge 14. 

The shape of a dried droplet 16 of the first pre-patterning material and of a layer 22 
of the second target material is affected by a number of factors, including the properties of 
the solutions of the respective materials and the drying conditions, as will now be explained. 
When a droplet is deposited on a substrate, there are at least three deposition modes, as 
shown in Figure 3, each of which results in a different cross-sectional profile of the 
remaining film of solute on the substrate after the solvent has evaporated. The first 
deposition mode may be termed shrink type deposition and is shown in Figure 3 (a). In this 
mode, the lateral size or diameter of the deposited film 42 of solute after drying is smaller 
than the diameter of liquid droplet 40 of solution when first deposited on the substrate, the 
outline of which is shown as the outermost dotted line. This means the droplet 40 has 
shrunk during drying. Shrink type deposition occurs when the contact angle of a droplet 40 
is relatively large (for example, greater than 40°) and when the solution does not wet the 
surface of the substrate well. The deposition of a droplet of an aqueous solution onto a 
hydrophobic surface is an example of shrink type deposition, because of the large contact 
angle of the droplet with the surface and the non-wetting properties of water on the surface. 
Thus, when a water-based PEDOT solution is deposited onto a polystyrene film, this shrink 
type deposition is observed. 

The second mode is mesa type deposition, which is used for deposition of the second 
target material in the present example and is shown in Figure 3(b). In this mode, a small 
amount of shrinkage of a droplet 20 during drying can also be observed. However, in 
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contrast with shrink type deposition, deposition of the solute occurs during shrinking. As a 
result, the deposited film 22 has a mesa-shaped profile and a diameter almost the same size 
as the initial diameter of the droplet 20 of solution. Mesa type deposition occurs when the 
surface tension of the solution is high (for example, greater than 30 mJ/m 2 ) and when the 
solution can wet the surface of the substrate. Mesa type deposition may occur when an 
aqueous solution is deposited onto a hydrophilic surface or an inorganic substrate, since 
water has a high surface tension and good wetting properties with respect to a hydrophilic 
surface! When a water-based PEDOT solution is deposited onto a glass substrate, for 
example, mesa type deposition may be observed. 

The last mode is ring type deposition, which is used for deposition of the first pre- 
patterning material in the present example and is shown in Figure 3(c). The film resulting 
from this type of deposition may be equated with the film of residue left after coffee is spilt 
on a solid surface. In ring type deposition, as discussed above, most of the solute is 
deposited at the edge of the droplet 10, thereby providing a ridge 14 of the solute around the 
edge and a thin film 12 of the solute in the centre region. Ring type deposition occurs when 
the contact angle is relatively small (for example, less than 30° and preferably less than 20°) 
and when wetting of the solution on the substrate is fairly good. In this case, the contact 
line of the droplet on the substrate is pinned and does not move during drying. This means 
the contact angle decreases as the droplet 10 dries. This can occur when the surface tension 
of the solution is low (for example, less than 30 mJ/m 2 ). 

An internal fluid flow 50 is caused in the pinned droplet 10 by enhanced evaporation 
and volume effects 52 and 54 respectively, as illustrated schematically in Figure 4. The 
enhanced evaporation effect 52 is caused by a difference in the speed of evaporation of the 
solvent at the edge and centre regions of the droplet 10 respectively. A higher evaporation 
rate is observed in the edge region than in the centre region because solvent molecules' 
escape more easily from the edge region. An internal flow 50 of fluid within the droplet 10 
takes place so as to compensate this difference. However, since the contact line is pinned 
arid the volume of the droplet is decreasing, the shape of the droplet changes. Thus, the 
volume change in the edge region is smaller than that in the centre region, as shown in 
Figure 3(c) or Figure 4. This difference in the change of volume at the edge and centre 
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regions respectively also causes internal flow. Accordingly, due to these two effects, an 
internal flow from the centre to the edge occurs in a droplet drying on a substrate in the ring 
type deposition mode. 

This internal flow 50 carries solute in the solution from the centre to the edge. As a 
result, there is an enhanced deposition of the solute in the edge region and a thin layer is 
formed in the centre region. The velocity of the flow 50 affects the cross sectional profile 
of the film and depends on the contact angle, the evaporation speed and the viscosity of the 
sessile droplet. The velocity of the flow 50 increases with decreasing of a contact angle, so 
a contact angle of less than 30° is desirable to achieve a ridge 14 having a narrow width. 
An increased evaporation speed also increases the velocity of the flow 50, so a high 
evaporation speed narrows the ridge width. The evaporation speed can be increased by 
using a low boiling point solvent, by raising the temperature during drying and by lowering 
solvent vapour pressure around the droplet. A stream of gas (for example, dry air, nitrogen 
or argon) passed over a substrate effectively lowers this pressure, resulting in narrowing of 
the ridge 14. When there is a one-directional gas flow over the substrate, this causes 
asymmetric deposition at the edge region. Since the gas upstream is clean, the solvent 
vapour pressure is lower upstream than downstream, internal flow 50 in the droplet 10 is 
asymmetric and a larger amount of deposition occurs at the upstream edge than at the 
downstream edge. This phenomenon is also useful for controlling the height and the width 
of the ridge 14 and especially for obtaining a high and narrow ridge 14. 

The viscosity of the solution also plays an important role. If the solution were to 
have zero viscosity, all the solute would be carried to the edge due to the very high velocity 
of internal flow 50 at the final stage of drying. In fact, the viscosity increases as drying 
proceeds due to an increase in the concentration of the solution. This increase of viscosity 
lowers the speed of internal flow 50 and eventually stops it. This behaviour determines the 
thickness of the film 12 at the centre region and the height and the width of the ridge 14. 
When a thin solution having a low viscosity is used, a very thin film 12 is obtained at the 
centre region and high and narrow ridge 14 is obtained at the edge. The viscosity depends 
not only on the concentration of the solution but also on the combination of solute and 
■solvent and the molecular weight of the solute. These parameters can be optimised so as to 
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obtain low viscosity even after drying has progressed. In general, however, a solution 
having a viscosity lower than 4 cP is preferable and a solution having a viscosity lower than 
2 cP is more preferable still. When polymers are used for the solute, such viscosities can 
generally be attained with concentrations less than 3 % or, preferably, 1 %. 

Dry etching with the plasma of an inert gas has been previously explained, but other 
etching techniques, having various other effects, may also be used. 

Firstly, dry etching may be performed using oxygen plasma, which has the effect of 
providing a surface with wetting properties, especially with respect to polar solutions. In 
other words, the surface of both the substrate 1 and the ridge 14 may be turned hydrophilic 
by dry etching using oxygen plasma. This is due to the oxidation of the surface or the 
termination of molecules at the surface by hydroxyl groups formed by a reaction of radical 
oxygen molecules on the surface and water molecules m air. Since the polarity of oxygen 
or a hydroxyl group may induce hydrophilic properties in the surface of both the substrate 1 
and the ridge 14, the wettability contrast between the ridge and the substrate is lost by 
oxygen plasma etching for many combinations of substrate material and first pre-patterning 
material. 

Figure 5(a) shows the case where the surface of both the ridge 14 and the substrate 1 
are terminated with hydroxyl groups (-OH) and therefore both have hydrophilic properties, 
irrespective of whether either the substrate or the first unetched pre-patterning material was 
originally hydrophobic. However, it has been found that the region modified by oxygen 
plasma remains at the surface and that the original contrast in wettability can be recovered 
by eliminating the surface region of either the ridge of the substrate. In this example, the 
surface of the first pre-patterned material, that is, the ridge 14, is removed. This can be 
achieved by etching. 

As discussed above, non-polar polymers are suitable for use as the first pre- 
patterning material where the second target material is PEDOT deposited in a water-based 
solution. Such non-polar polymers include polymers consisting of aromatic groups and 
alkyl groups. For example, polystyrene and polyethylene are typical non-polar polymers. 
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In order to etch the surface region of the first pre-patterning material, a solvent for 
dissolving the first material, diluted with other solvents that do not dissolve the first 
material, can be used as the etchant. Such a diluted solvent dissolves the first material 
slowly, so it is possible to etch only the surface region of the ridge 14, thereby removing 
the hydroxyl groups, as shown in Figure 5(b). When polystyrene is used as the first pre- 
patterning material, aromatic and/or chlorinated hydrocarbons diluted by alcohols or 
aliphatic hydrocarbons can be used as the etchant. Toluene diluted by isopropanol is a 
typical example of such an etchant. 

In contrast, the substrate 1 is not dissolved in an etchant comprising such a diluted 
solvent and the hydroxyl groups are therefore retained on the surface of the substrate 1, as 
shown in Figure 5(b). The surface of the substrate 1 thus remains hydrophilic. As a result, 
the pattern of contrasting wettability on the oxygen plasma etched substrate 1 can be 
recovered after slight etching with such a diluted solvent. Thus, self-alignment of the 
second target material with the first pre-patterning material can be achieved after this 
treatment. 

In general, however, non-polar materials do not adhere or stick to hydrophilic 
surfaces very well. This has the result that a first pre-patterning material comprising a non- 
polar polymer may be lifted off the hydrophilic surface of the substrate 1 during this slight 
etching with a diluted solvent. In order to improve the adhesive characteristics of the first 
pre-patterning material with respect to the surface of the substrate 1, primers can be used to 
change the surface properties of the substrate 1 from hydrophilic to hydrophobic. 
Hexamethyldisilazane (HMDS) is a typical primer suitable for this purpose. For example, 
the substrate 1 can be pre-treated, prior to deposition of the first material, using HMDS in 
vapour or liquid form at 70 to 140 °C. The surface of the pre-treated substrate 1 is 
terminated with hexamethyl groups, which provide hydrophobic properties. Good adhesion 
of a non-polar first material on such a pre-treated substrate 1 can therefore be obtained. 

An additional, advantageous effect of this pre-treatment is that a narrower ridge 14 
of the first material can be obtained, since the contact angle of the solution of the first 
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material with the substrate 1 is reduced. Moreover, hexamethyl groups on the surface of 
the pre-treated substrate 1 are easily removed by oxygen plasma etching, discussed above. 
Thus, the original hydrophilic surface properties of the untreated substrate 1 are recovered 
or improved by oxygen plasma etching so the pattern of contrasting wettability between the 
substrate 1 and the ridge 14 can still be obtained by slight etching with a diluted solvent. 

An alternative method for recovering the wettability contrast after dry etching is to 
expose the oxygen plasma etched substrate 1 to a vapour of a solvent for dissolving the first 
pre-patterning material. The solvent vapour is absorbed in the pre-patterning material and 
allows the material to reorient into a more stable, hydrophobic form. Due to this 
reorientation, hydroxyl groups at the surface of the ridge 14 are replaced by the first 
material, which is more stable. As a result, the surface of the ridge 14 recovers its original 
hydrophobic properties and the surface of the substrate 1 retains its hydrophilic state. This 
exposure method uses a vapour phase and is therefore a dry process. It is therefore 
unnecessary to dip the substrate 1 into a liquid, which is time-consuming, dirty and 
expensive. When polystyrene is used for the first pre-patterning material for example, 
aromatic and/or chlorinated hydrocarbons can be used for the solvent vapour. Toluene or 
xylene is a typical aromatic hydrocarbon solvent. 

As a further alternative, plasma etching with a mixture of fluorinated carbons and 
another gas can be used and has been found to be an especially effective method for 
achieving a high contrast in wettability. When an inorganic substrate 1 having an organic 
pre-patterning material, ridge 14, thereon is plasma etched using a mixture of fluorinated 
carbons and oxygen, the surface of organic pre-patterning material is fluorinated since 
hydrogen atoms binding to carbon atoms therein are replaced by fluorine, as shown in 
Figure 6(a). This fluorinated surface is non-wetting with respect to both polar solutions and 
non-polar solutions. On the other hand, as shown in Figure 6(a), the surface of the 
inorganic substrate 1 is terminated by hydroxyl groups due to the effect of oxygen plasma. 
The surface of the substrate 1 is therefore wetting, especially with respect to polar solutions. 

In contrast, when an inorganic substrate 1 with a ridge 14 of organic pre-patterning 
material thereon is etched with a mixture of fluorinated carbons and inert gases (Ar, Nj), 
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the surface of the ridge 14 is fluorinated, while the surface of the substrate 1 is maintained. 
This provides a good contrast in wettability, especially with respect to non-polar solutions. 

In order to pattern source and drain electrodes in TFTs, the solution of the second 
target material, for example PEDOT water-based solution, may be deposited twice, once for 
each of the source and drain. However, the fluorinated surface of the ridge 14 shown in 
Figures 6 and 7(a) is sufficiently non-wetting that droplets 20 of PEDOT solution can be 
deposited only once, directly onto the ridge 14, as shown in Figure 7(b). The solution is 
repelled by the ridge 14 and is divided by the ridge to lie on two portions on the hydrophilic 
surface of the substrate 1, one on either side of the ridge 14, as shown in Figure 7(c). 
Deposition of this second target material only occurs on the substrate 1, without the 
formation of a bridge of the second target material over ridge 14, which would cause a short 
circuit between the two portions. Thus, the second target material can be very easily 
deposited with high reliability. 

A TFT can be fabricated using the method of the present invention described above. 
The structure of a printable TFT is shown in Figure 9, in which a glass or plastic substrate 
1 may be used. Flexible devices may be obtained using a plastic substrate. Polyimide, 
polyethylene naphthalate, polyphenylene sulfide, polyetherkiton or polyethersulfone are all 
suitable for use as a plastic substrate in terms of resistance to heat and solvents during later 
processing to fabricate the device using conventional techniques. When the temperature of 
such conventional processing is less than 100 °C, less expensive materials such as 
polyethylene terephthalate, poly methyl methacrylate or polycarbonate can be used. On the 
substrate, an alignment layer 66 may optionally be formed in the event that alignment of 
molecules or polymer chains is required in the semiconductor. Rubbed polyimide is a 
typical material commonly used for such an alignment layer. Such rubbed polyimide layers 
may be obtained by rubbing cured polyimide layers with textured fabric in a direction 
parallel to a channel. 

On this alignment layer 66, the first pre-patterning material is deposited in the form 
of strips 16 by an inkjet print head, as shown in Figure 10(a). These pre-pattern strips 16 
are non-wetting with respect to the solution of the second target material. In this example, a 
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PEDOT water-based solution is used as the solution of the second material, so the first pre- 
patterning material is hydrophobic. 

Many kinds of hydrocarbon or fluorinated carbon are suitable for this purpose. 
Among these, non-polar polymers are appropriate materials with respect to the formation of 
uniform films. Polystyrene is one such non-polar polymer and a solution of 0.1 - 4% 
polystyrene in toluene or xylene can be used as the solution of the first pre-patterning 
material, for example. The dried deposited strips 16 have a thin thickness in the centre 
region and a ridge around the edge. As discussed above, the cross-sectional profile depends 
on the drying conditions. Since narrow and high ridges can be obtained by quick drying, a 
stream of N 2 is passed over the substrate 1, as shown in Figure 10(a) and/or the substrate 1 
is heated. 

In order to etch the thin film at the centre region, the sample is etched using oxygen 
plasma. Since the film is thin, in the range 5 to 20 nm, the etching time is short. For 
example, the etching time for a 20 nm thick film is about 5 minutes where the oxygen 
pressure is 2.5 mbar and the RF power density is 4000 W/m 2 . The etched thickness (depth) 
is approximately proportional to the product of the etching time and the RF power density. 
The minimum etched thickness required is the thickness of the film at the centre region and 
with further etching the width of the ridge can be narrowed. This further etching has 
reasonably good reproducibility due to the large difference in thickness of the thin film at 
the centre and the ridge: the thickness of ridge can be controlled to be generally larger than 
300 nm, even when the thickness of the centre deposition is smaller than 20 nm. This large 
contrast in thickness makes it possible to accurately control the width of the ridge. With 
minimum etching to remove the thin film in the centre region, a ridge as narrow as 10 to 30 
jim is obtainable, and with further etching 3 to 15 j^m width ridges can be easily achieved 
over the whole substrate. 

At this stage, the surface of both the substrate 1 and the ridges are hydrophilic, so 
the wettability contrast needs to be recovered by selective etching or reorientation of the 
ridges of first pre-patterning material. A mixture of xylene and isopropanol, in the ratio 
5:95 for example, can be used for the selective etching. This mixture does not dissolve the 
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rubbed polyimide alignment layer 66, but removes the surface region of the ridges of pre- 
patterning material. After the selective etching process, elongated ringed ridges 14 of the 
pre-patterning material are obtained, as shown in Figure 10(b). 

Each elongated ringed ridge may be used to fabricate more than one TFT. As 
illustrated in Figure 10 (c), droplets 20 of the second target material, forming the source 60 
and drain 62 of the TFT (see Figure 9), are deposited so as to form a plurality of transistors 
along one ridge. PEDOT water-based solution is used as the second target material. This 
wets the surface of the rubbed polyimide alignment layer 66, but it is repelled by the 
polystyrene pre-patterning ridge 14. These properties cause a narrow gap to be formed in 
the second target material, along the ridge 14. 

This step can be followed by removal of the ridge 14 with a solvent for the first 
material, as shown in Figure 10(d). A semiconductor layer 68 and an insulating layer 70 
are then deposited on the source 60 and drain 62 electrodes in order to fabricate the 
structure shown in Fig 9. Several techniques for depositing these layers are known, 
including evaporation, spin-coating, screen-printing and inkjet-printing. Gate electrodes 64 
and interconnections 90 are then deposited on the insulating layer 70, preferably by ejection 
of a PEDOT water-based solution by an inkjet print head. 

Alignment of the gate electrode 64 with the channel is required, so an inkjet head 
and a substrate holder should be positioned so as to achieve this alignment. Since inkjet 
printing is a non-contact printing technique, such positioning is relatively easy and accurate 
compared to other contact printing techniques. 

Thus, a TFT array such as that shown in Figure 10(e) can be obtained. Even though 
these TFTs have a short channel (less than 30 (im), they are achieved simply using an inkjet 
printing technique. The method of the present invention does not require photolithography 
for the pre-patterning and allows production of TFT arrays with a very low manufacturing 
cost. The method of the present invention also enables the fabrication of very large, 
flexible devices, which can only be obtained using conventional photolithographic 
techniques with considerable difficulty 
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The aforegoing description has been given by way of example only and it will be 
appreciated by a person skilled in the art that modifications can be made without departing 
from the scope of the present invention. For example, a person skilled in the art will 
appreciate that a wide variety and various combinations of substrates, pre-patterning 
materials and target materials, individually and together, can be selected. In addition, it 
will be appreciated that a variety of shapes, sizes and patterns of pre-patterning material can 
be used. It will, for example, be further appreciated that selected lines of a second target 
material, bounded on either side, can be provided either using a single line of a first pre- 
patterning material, which is wetting with respect to the second target material, or using 
two lines of a first pre-patterning material, which is non- wetting with respect to the second 
target material. 
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CLAIMS: 

1. A method of patterning a substrate, the method comprising: 

depositing a first material in solution on the substrate, wherein the solution of the 
first material is selected such that a profile of the first material dried on the substrate 
includes a ridge; 

etching for removing portions of the first material such that the ridge of the first 
material remains on the substrate; and 

depositing a second material in solution on or adjacent the ridge of the first material. 

2. A method according to claim 1, wherein the wetting characteristic of the etched 
ridge of the first material with respect to the solution of the second material is different to 
that of the substrate. 

3. A method according to claim 1 or claim 2, wherein the wetting characteristic of the 
first material with respect to the solution of the second material is different to that of the 
substrate. 

4. A method according to any one of the preceding claims, wherein said etching is dry 
etching using an inert gas. 

5. A method according to any one of claims 1 to claim 3, wherein said etching further 
comprises adjusting the wetting characteristics of the first material and of the substrate with 
respect to the solution of the second material. 

6. A method according to claim 5, wherein said etching comprises a first step of 
etching for removing portions of the first material, thereby adjusting the wetting 
characteristics of the first material and the substrate, and a second step of adjusting the 
wetting characteristics of the first material. 

7. A method according to claim 6, wherein the first step of etching comprises dry 
etching. 
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8. A method according to claim 7, wherein oxygen plasma is used for the first step of 
etching. 

9. A method according to any one of claims 6 to 8, further comprising, before said 
depositing the first material in solution, improving the wetting characteristics of the 
substrate with respect to the first material. 

10. A method according to any one of claims 6 to 9, wherein a diluted solvent for the 
first material is used for the second step. 

11. A method according to any one of claims 6 to 9, wherein vapour of a solvent for the 
first material is used for the second step. 

12. A method according to claim 10 or claim 11, wherein the first material comprises a 
non-polar polymer and the solvent comprises aromatic and/or chlorinated hydrocarbons. 

13. A method according to claim 12 wherein the solvent comprises toluene and/or 
xylene. 

14. A method according to claim 12 or claim 13, wherein alcohols and/or aliphatic 
hydrocarbons are also used for the second step. 

15. A method according to claim 14, wherein said alcohols and/or aliphatic 
hydrocarbons comprise isapropanol. 

16. A method according to claim 5, wherein said etching comprises plasma etching using 
a mixture of fluorinated carbon atoms and another gas. 

17. A method according to claim 16, wherein said another gas comprises oxygen. 

18. A method according to claim 16, wherein said another gas comprises an inert gas. 
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19. A method according to any one of the preceding claims, wherein the substrate and 
the solution of the first material are selected such that said ridge is formed along the 
perimeter of the deposited first material. 

20. A method according to claim 19, wherein the perimeter includes at least one 
substantially straight portion. 

21. A method according to claim 20, wherein the perimeter comprises an elongated oval 
or circle having two substantially straight portions. 

22. A method according to claim 20, wherein the second material is deposited on or 
adjacent said at least one straight portion only. 

23. A method according to claim 21, wherein the second material is deposited on or 
adjacent both the substantially straight portions. 

24. A method according to any one of the preceding claims, further comprising, after 
said depositing the first material in solution and before said etching, passing a stream of gas 
over the substrate for drying the solution of the first material. 

25. A method according to any one of the preceding claims, further comprising, after 
said depositing the first material in solution and before said etching, heating the substrate 
for drying the solution of the first material. 

26. A method according to any one of the preceding claims, wherein, after etching, the 
ridge is more wettable than the substrate with respect to the solution of the second material 
such that the second material dries on the ridge. 

27. A method according to any one of claims 1 to 25, wherein, after etching, the 
substrate is more wettable than the ridge with respect to the solution of the second material, 
such that the second material dries substantially on the substrate only, adjacent the ridge. 
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28. A method according to claim 27, wherein the solution of the second material is 
deposited adjacent either side of the ridge. 

29. A method according to claim 27, wherein the solution of the second material is 
deposited on the ridge such that the second material dries adjacent either side of the ridge. 

30. A method according to any one of claims 27 to 29, wherein the solution of the 
second material is selected such that a profile of the second material dried on the substrate is 
mesa-shaped. 

31. A method according to any one of claims 27 to 30, wherein the first material is a 
non-polar polymer and the solution of the second material is a water-based PEDOT 
solution. 

32. A method according to claim 31, wherein the first material comprises aromatic 
and/or alkyl groups and does not comprise hydroxyl, diazo or any acid group. 

33. A method according to claim 32, wherein the first material is polystyrene or 
polyethylene. 

34. A method according to any one of claims 27 to 33, further comprising a step of 
removing the ridge from the substrate. 

35. A method of forming a thin film transistor comprising a method according to claim 
34, wherein the second material forms a source and a drain with a gap therebetween, the 
method further comprising: 

depositing a semiconductor layer over the second material and the substrate; 
depositing an insulating layer over the semiconductor layer; and 
providing a gate electrode over the gap. 
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36. A method according to claim 35, wherein the substrate comprises an alignment layer 
on which the first material is deposited. 



37. A method according to claim 36, wherein the alignment layer is brushed polyimide. 

38. A method according to any one of claims 35 to 37, wherein at least one of the 
semiconductor layer, the insulating layer and the gate electrode is deposited using an inkjet 
print head. 

39. A method according to claim 38, wherein the inkjet print head is moved relative to 
the substrate for depositing said at least one of the semiconductor layer, the insulating layer 
and the gate electrode. 

40. A method according to any one of the preceding claims, wherein at least one of the 
solution of the first material and the solution of the second material is deposited using an 
inkjet print head. 

41. A method according to claim 40, wherein the inkjet print head is moved relative to 
the substrate for depositing said at least one of the solution of the first material and the 
solution of the second material 

42. A method according to any one of the preceding claims, wherein the substrate is 
glass or plastic. 

43. A method according to any one of the preceding claims, wherein the substrate is 
flexible. 

44. A device fabricated using a method according to any one of the preceding claims. 

45. A device according to claim 44, wherein the device comprises a thin film transistor. 

46. A device according to claim 44 or claim 45, wherein the device is a display device. 
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47. A device according to any one of claims 44 to 46, wherein the device comprises an 
array of thin film transistors. 

48: An organic thin film transistor, comprising a channel between a source and a drain, 
wherein the channel has a length of 25 jam or less. 

49. An organic thin film transistor according to claim 48, wherein the length of the 
channel is 10 ^im or less. 

50. An array of thin film transistors according to claim 48 or claim 49. 

51. A method substantially as hereinbefore described with reference to any one or more 
of Figures 1 to 7, 9 and 10. 

52. A device substantially as hereinbefore described with reference to any one or more 
of Figures 1 to 7, 9 and 10. 
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